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* Introduction to Adjoint Methods for CFD
« Adjoint Theory Overview

 Adjoint Solver in Ansys Fluent

» Gradient-Based Optimizer

« Shape Optimization Examples
- Simple cases (flow and heat transfer)
- Supersonic wind tunnel
- Hypersonic aerospike

« Summary + Questions
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Introduction to Adjoint
Methods for CFD




What is the Adjoint Method?

The Adjoint Method is a specialized
mathematical tool that extends the scope of
a CFD solution by providing detailed
sensitivity data for the performance of a fluid
system subject to specific boundary
conditions.

The Adjoint Solver can be used to compute
the derivative of an engineering quantities
with respect to all inputs for the system. This
includes the flow geometry!

Consequently, it can be used to guide
intelligent design modifications for shape
optimization of any geometric feature in the
computational domain.
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There are many more uses of Adjoint
methods in CFD, but we will focus on shape
optimization in this presentation.
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Adjoint-based shape modification of an automotive front spoiler
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Parametric Design Optimization vs. Adjoint Optimization

 Parametric Design Optimization « Adjoint Optimization
- Finds optimal operating conditions for given - Finds an optimal shape for a given
shape which can be described by a finite operating condition
number of parameters. - Derive the optimal shape from a baseline
- Parametric behavior is determined by brute CFD flow calculation.
force (Design Of Experiments) + Smart design decisions possible with low investment of

computation time
increases * No parameterization of the geometry is necessary!

Computationally expensive as the number of parameters
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Example |

* Rear Cabin Automobile HVAC Duct - Minimize Total Pressure Drop

Maorphed Duct
AP=f28 Pa

Original Duct 4
AP=]09.63 Pa

« Small geometry changes determined by Adjoint optimization / mesh morphing
results in significant performance improvement!

- This is a consequence of node displacements for specified portion of domain.
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Example |l

 Airplane - full scale - Maximize Lift/Drag
- Optimize shape of the wing to increase lift to drag ratio

- Again, just small changes result in a significant
improvement...

~— cross:section for designd — cross-section for desgnt
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Example Il

Design iteration 00
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Overview of the Workflow

» The workflow can be viewed as a
four-step process
1. CFD Run (known process)
2. Calculate the derivatives (gradients)
3. Sensitivity data
« Mapping sent back by derivatives

4. Update the shape (Mesh)
Based on the sensitivity data
Based on the environment constraints

 This four-step process can be run
multiple times to reach an optimum
evolution for the design...

Mesh Update

Sensitivity
data
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Adjoint-Driven Optimization

CFD Solver

Export geometry
(STL format)

Flow solution

N

New Geometry

Mesh A

Local
Morph

e optimum | Adjoint
N\ 7\ \ Solver
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Additional Capabilities

« But the adjoint can do much more than just shape optimization...

Identification of the most important

factors affecting performance.

How a prescribed change will alter the
performance.

Systematic improvement of
performance

using gradient information.

_ log,\(magnitude of shape sensitivity)
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Adjoint Theory
Overview




How Does the Adjoint Solver Work™?

 Macro view of a conventional flow solved with Fluent

[Inputs (c) ‘

« Boundary mesh

* Interior mesh

« Material
properties

« Boundary
conditions

* Flow angle
* Inlet velocity

Flow solver

Y

[Flow solution (q)

~

>

» Field data
* Pressure
* Velocity
* Density

» Outputs
» Contour plots
» Vector plots
* Xy plots

Evaluation of solution

Y

(Observable (J)

» Scalar quantities
of interest

* Lift
» Drag
* Pressure drop
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The Adjoint Problem

 How do observables depend on the inputs?

ﬂnputs (c) [Observable (J)
« Boundary mesh ? « Scalar quantities
« Interior mesh o of interest
- Material = * Lift
properties S P - Drag
« Boundary = * Pressure drop
conditions ‘S .
» Flow angle 5
« Inlet velocity <
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Mathematical Background

« We begin with a flow solution, g, and the inputs to the problem, c.

o : Residuals of the Navier- S
Quantity of interest J (g(g)’ £) S’[ecaslle:aecsqu)atioﬁs avier R; (g(g)’ £) =0
 Define the Lagrangian L with the vector of Lagrange multipliers :
~ . T : :
d dq (o OR\ 0 OR Adjoint solution variables
]=_<] . >+1+51T

Choosegsuch that... %‘HIT—: 0 I:> -

dc ~dec\ag Laq) T acT L oc ; ;
+ < R
>:a—i+%

a] _.OR oR aJ = =

/
Reduced to one linear problem!!!! Adjoint sensitivities
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Adjoint Sensitivities

Let’'s examine the Adjoint sensitivities in more detail. The sensitivity equation below is evaluated at
each mesh node in our CFD model. For shape sensitivity, we consider the input vector c to be the

(x,y,2) locations for every node in our model i.e. the mesh.

d] a] . OR NOTE: Z—é and Z—E are calculated using
— =+ _ : . L
q expressions derived from the definitions of
d£ 59 o 59 the observables and the Fluent CFD
discretized equations.
Total sensitivity \
of J w.rt. x,y,z at Change in J due to the
a given mesh sensitivity of the flow solution to
node. Change in / due to a changes in x,y,z at a given node
change in the node’s location. This depends on the
X,y,z position at a Adjoint solution!

given mesh node.

\nsys



Adjoint Sensitivity Example

J = mass flow at outlet = pAV|outlet

e h (x y Z)
tlet n n ¢ = mesh (x,y,
Here, the observable Outlet boundary node

depends directly on the
geometry at the outlet
node...

0 ' CFD domain
a— - non-zero

T OR
gl - = non-zero

9] _ Wall node

—— Here, the observable
does not depend directly
gk > non-zero ondgeometry at the wall
node...
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Mathematical Background: Summary

 Flow solution g, and the inputs to the problem c.

i ' . Residuals of the Navier- ] .
Quantity of interest ] (g(g)r £) Stokes equations Ri (g(g), £) =0

 In large-scale optimization we need the derivative (or sensitivity): %

dj 9] . ~rOR
C

* Thatis given by the equation: —— = -~ + ¢

— Oc

T T
- where § is solution of [Z—S] g=- [g—é] (the so-called adjoint problem)

< The adjoint method is a very clever mathematical approach that makes
possible the computation of the shape derivative in large-scale optimization
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Adjoint Solver Methodology

ﬁ ﬁ

S

J: quantity of interest
q: flow solution

_ aJ OR: R: Residuals of Navier-Stokes
1. Calculate the adjoint residual: R = — — —§; R: Residuals of adjoint
dqj 0qj M: simplified system Jacobian
a] OR a: URF
2. Determine correction to adjoint solution: MAg; = 3 a—q‘fji =R
J )

- AMG iterative approach is used to compute an approximate solution to the equations
3. Update adjoint equations by the corrected adjoint vector: §; « §; + a;Ag;
4. Start again until residuals reach the specified threshold or max iterations reached
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Continuous Adjoint vs Discrete Adjoint

* Discrete adjoint
1. Have the discretization of the flow solver first
2. Get the exact discretized adjoint equation for the

» Continuous adjoint

1. Derive the adjoint equation formulation first

2. Discretize the adjoint equation. discretized flow solver system
aR\T] , _ (T T T
-p[(G) | 2=01(5) R\ [, (2
D A=|D
dq dq
« Advantages . Advantages
- Better efficiency in speed and memory - High accuracy: discrete adjoint solver gives exact

derivative of the numerical simulation system. Much
better accuracy especially for the turbulence
problem.

- The differentiation can be verified with finite
difference method in both unit function level and
system level.

- Ansys Fluent uses the Discrete Adjoint approach
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The Adjoint Solver in
Ansys Fluent




Physics Supported by the Fluent Adjoint Solver

Mesh
- All mesh types (hex, tet, wedge, polyhedral)

CFD Solver

- Steady-state, pressure-based solver (Segregated and
Coupled)
Physical Models
- Incompressible and compressible flow
- Energy equation
- Laminar and Turbulent Flow (k-g, k-, GEKO)
- Moving Reference Frames

Materials
- Constant fluid/solid properties
- Ideal gas (compressible)

Cell Zone Types

- Fluid zones, porous media

Boundary Conditions

- Walls, pressure inlets, velocity inlets, mass flow inlets,
mass flow outlets, pressure outlets, pressure farfield,
symmetric, periodic




Adjoint Solver — Fluent Workflow

EER y ::;

. f—

. -

Ohcsvahis Methods... Solver Controls... Manitors... Calculate. .
Baseline
H *Force ... « Default * Auto Adjust *Residual below » ~ 2-3 times of

SOIUtlon + Surface integral * Best « Dissipation 0.001 is the flow solver

«Volume integral matching suppression considered as a

* Algebraic scheme for good solution

operations stabilization

*Manual setting

Adjoint-Based
EEE Methods... V4 Reporting...

o [ 4

Solver Controls... - il
" _ 4 "A Design Tool...
Observable... Maonitors... Calculate... = -
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Defining Observables Gradent pases

=] i "
nm Methods... D Reporting... ;
mE = -
mm — Solver Controls... O

+i= Design Tool...  Gradient-Based
i
Q. Monitors... Caleulate... Optimizer...

» Wide range of observable quantities
Pressure drop (total pressure difference)
Forces and moments, swirl

Observable...

- Surface and volume integrals of field quantities | i vanage dioint Observables  x I vnage Adjrnt Observables X
« Static and total pressure —— ot
« Static and total temperature <hictey | 2 o]
« Mass flux and heat flux — lcreate-"J it [awey |
in interi protnet (el | plf o =
- May use Iso-clip, interior, boundary zones ptot-autlt o | - o
tratio g JELiniet
. rm e ttot-outlet
« Surface and volume integrals on selected e L
. ttot-outlet
zones and cell registers e
;méés—vae-\.ahted—a\*erage |
« Mathematical operators on defined S v i[5 [ [ (] Pt
observables L - iy g
enaminatg default-interior temperature
- Ratio, product, linear combination, constants, PG : e mp
. . . . = outlet
unary operation, arithmetic average, mean/ B3 (cresl) (ver) B
variance
- Operators permit you to develop custom 0
Cancel Hel
observables e
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Adjoint Solver Methods

 Assign Adjoint solver methods

* |deally, methods should match
flow solution but lower order is
OK and will be more stable

» Options for
- Energy equation
- Compressibility (Ideal Gas)
- Adjoint Turbulence (NEW 2020R2)

Gradient-Based

=] i "
nm Methods... D Reporting... ;
| | -
njm u| — Solver Controls... O

Ohse;'\rahle... @ Monitors... Calculate... E i Al GrgpdélemnltZE?SEd

n Adjoint Solution Methods X
Flow Solver Adjoint Solver

Gradient Least Squares Cell Based Least Squares Cell Based -
Pressure Second Order Standard =
Momentum Second Order Upwind First Order Upwind -
Energy on | Adjoint Energy
Compressible  |yeg V| Adjeint Ideal Gas
k-omega GEKO yes Adjoint Turbulence

| Default ” Best Match |

m | Apply | | Cancel | | Help |

Y 'ANnsY'S




Adjoint Solver Controls o T "

=]
i = Methods...
u[= =] —
e m — Solver Controls...

E Design Tool...  Gradient-Based

Ohse;'\rah.le... %, Monftors... Calculate... Optiimizer
» Set up solution controls and = :
t bI t t t n Stabilized Strategy and Scheme Settings >
S a I Iza Ion S ra egy Stabilization Strategy Stabilization Scheme
- Dissipation scheme Type Type
Mone Mone
- RMS @ Blended Dissipation
@ Residual Minimization
. . . 1st Scheme 2nd Scheme
* More automation to assist with s . e roT——
Conve rgence _Dissipation v Resi-dual Minimization = 40 =
- Iterations B Iterations . Show Expert Controls
n e Cnlht 10 - 50 - I
v'| Auto Detection? |-M-|
Solution-Based Controls Initialization : = .
f Y |I}efault| |Complex Case|
|_Stabilizatic—n Settings... * !
+| Auto-Adjust Controls m | Apply | | Cancel | | Help |

Show Advancement Controls

m | Apply | | Cancel | | Help |
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Adjoint Solver Monitors p—

o : .
nm Methods... D Reporting... ;
| | -
' m —— Solver Controls... O

L ".-t-.. . = 5
Observable... Q; Monitors... Calculate...  ~L= Design janks Grgpdéiemnitzzised
» Set Adjoint residual convergence
tolerances
) B Adjoint Residual Monitors X
* Plot stored residuals i
i : Equations
bENL s tinsaie Residual Check Convergence Criteria
v| Flot i 0
Adjoint continuity v 0.001
Window
z = Adjoint velocity v 0.001
Faistinne s Blot Adjoint local flow rate v 0.001
1000 = Adjoint energy v 0.001
m | Apply | | Plot | | Cancel | | Help |




Adjoint Solver Calculation Gradien pased

o - :
aman + Methods... D Reporting... ¢
|= m T— Solver Controls... O

== Design Tool... Gradient-Based
i
Q. Monitors... Caleulate... Optimizer...

Observable...

« Initialize and calculate the Adjoint
solution O

 Solution time is roughly
equivalent to a steady-state _ _
calculation of the flow solution [ mitiaize Stabilization Strategy |

|Initialize Stabilization 5::heme|

| Initialize]

Mumber of Tterations

100 -

|Ealculatian Activities |

[ Ealculate]

e co-- [
L r———r UL E



The Adjoint Design Tool

» The Design Tool allows you to set up and
calculate the shape optimization design
change.

- Design change derived from computed Adjoint
solution

- New design realized by morphing the mesh
according to the calculated design change

- Controls available for zone selection, objective,
design constraints, region, smoothness,
numerics for design change calculation

- Polynomial and Direct Interpolation methods for
defining new surface shapes

- Modified geometry can now be previewed
before morphing! (next slide)

- Can undo mesh morphing (Revert)
- Can import/export the sensitivity fields

Gradient-Based

o .

ama Methods... D Reporting... ¢

= P

n|m u T— Solver Controls... =y

, af= Design Tool... | Gradient-Based
Observable... @ Monitors... Calculate... Optiimiizer. .
B Design Tool X
Design Change Objectives Region Region Conditions Design Conditions Numerics

Zones To Be Modified [2/8]

inlet-turbine
interface-rotor
interface-scroll
outlet-turbine
wall-rotor-blade
wall-rotor-hub
wall-rotor-shroud
wall-volute

/| | 5| Applied Conditions [0/0] |= | |5

‘ Display |

Results
File Name

power

= = | Morphing Method

# Radial Basis Function Polynomials Direct Interpolation

Parameters

Smoothness 1

Observable Value Weight Expected change

power 34163.47 1708.107

| close | | Help
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Previewing the Design Changes

The morphing can be previewed and compared with the original mesh after optimal displacement
is computed.

Design Change Objectives Region Region Conditions Design Conditions Numerics

Morphing Method

® Polynomials © ' Direct Interpolation
— Al =)= = refo cal heme
Zones To Ba Modified [5/5) |== | |5/ | | 5| Applied Conditions [0/8] | = | |5, | | Frasfarm Scating Schem
Contral-Point Spacing @ Objective Reference Change
inlet
outlet

Parameters
walls_deforming
walls fixed_downstream

Freeform Scale Factor
walls_fixed_upstream

Display || Strict Conditions

Workflow Results
Check File Name Value Weight Expected change
surface-integral surface-int |
Il Preview Morphing X
Export
Mesh wrfaces = = ||/ |55

Modify || Revert

inlet _

interior-fluid-deforming

interior-fluid-deforming-fluid-not-de
m interior-fluid-deforming-fluid-no rming-upstn

interior-fluid-not-deforming stream

interior-fluid-not-deforming-upstream

outlet

walls_deforming

walls_fixed_downstream

walls_fixed_upstream

4 I b

rming-down

Outline || Interior
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Adjoint Solver Improvements

» Overview of recent Adjoint improvements
- More observables B ,\\

- More boundary conditions T \J\
- Residual Minimization Scheme (RMS)
Residual Minimization M

- Direct Interpolation and Radial Basis Functions Scheme
for morphing (complements Polynomial
M ethOd ) ANSYS Fluent (3d, dp, pbns, ss tkw)

- Design Tool Usability (refined interface, new _ _
options) et
- Support for GEKO turbulence model in Adjoint
calculation
* k and omega are included in observable selections
* More details in the Appendix

e ———

rotation
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Adjoint Output — Shape Sensitivities and Normal Displacement

- 9.3%e+00
8.85e+00

Log10(Shape Sensitivity Magnitude) N
- Display the regions with highest sensitivity to crae ‘
the observable. byt )
- Areas with large values show increased impact e [ |
on the observable if the mesh is changed e -
locally. B L.

-1.45e+00

Contours of log10(Shape Sensitivity Magnitude)

Normal Optimal Displacement
- Shows the displacement of the geometry to

reach calculated design change. (outward/inward)
- Normal optimal displacement values are in the e e —

used unit for length in Fluent.
- Positive values mean a design change towards i

the volume mesh and vice versa for negative s

values.
- Use normal optimal displacement plot to check o |

the proposed design change. . G,

There are many other sensitivity variables that can be plotted coneuts eftemal GprmalBeiscenen
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Gradient-Based
Optimizer




Workflow Automation — The Gradient-Based Optimizer

The Gradient-Based Optimizer provides
a new level of workflow automation to
the Adjoint solver.

Permits both multiple objective and

multiple flow condition optimization

- For example, you can perform a shape
optimization on an airfoil which attempts to

increase lift and reduce drag over a range
of flow BCs.

You can also use this interface to
automate multiple design points for
single objective cases (an example will
be shown).

Additional features for mesh quality
preservation, design point tracking, file
autosaving, animations, and more!

outiine Vf |
Fiter 4 Po1ectves 2.02e+00
5 Setup | Observables... H Operating Conditions... 1.03e+00
+ 2 : D Goal Value Percentage?| | 1.84e+00
=& |1 Target 10 | M 1.75e+00
© 0 1.66¢+00
- Eﬁ] 1.57e+00
| 1.48e+00
+ 1+ | ¥ Adaptive Value
5 Optimizer Settings el
Solutic : 1.30e+00
i I o 1.20e+00

+* | No. of Design Rterations 1

< Convergence Criteria 0.0001

& = = 1.11e+00
+ q| N of Flow Terations | 1000 . No. of Adjoint Lerations| 500 1.02e+00

? Mesh Quality 9.35e-01
= ;"I Min. Cell Volume 0 . Min. Orthogonal Quality 0.01 8.440-01
Res?h ‘W‘ ! Tmprove Mesh Quality After Morphing 01

@ | Calculation Activities

%

Monitor.. ||  Autosave.. |

N ‘ Execute Commands... H Solution Animation... I

OJC|
DR Calculation

+ paran [ itiaize || Reset |

[ optinize || summarize |

‘.Applyl lDefauIt‘ @ ‘El

laaant
& Adjoint Optimizer Observables

X

i FEE

efficiency

w

2
g8

5gTTg
8838

inlet

tot-
tot-outlet
ratio
m1
ot-inlet
tot-outlet

#55

(o i
.

Contours of Static Pressure (atm)

surface
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Multi-Design Point and Multi-Objective

Gradient-Based Optimizer Workflow

Adjoint-Based

I 2., Methods... [ Reporting...
WOFkﬂOWS : : —— Solver Controls... O Adjoint Optimizer...

%% Desi
Observable... @ monitors... Calculate...  -i= Design Tool...

Select observables/conditions of interest
Flow & Adjoint Solvers —— "
» (optional) Set up Methods
» (optional) Set up solver controls Observables...  Conditions.

Design Space & Constraints o
* Morphing method & Region
« Surfaces to be modified pro—
» (optional) Region condition > Optimizer Settings )
» (optional) Design condition - S

¢ (Optional) NumeriCS :i?t:l“::‘\:\w 0 Min. Orthogonal Quality 0.01
Configure gradient-based optimizer Priot Current Staua] 7 improve Mesh uahy
Run the optimization

° |nitia|ize Execute Commands... | Solution Animation
Calculation

» Optimize g .
[llill’\l!\ sSummarize

Apply Close Help
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Obijectives

B Adjcint-Based Optimizer % ﬁ Adjoint Optimizer Observables 4

GUIs for input of objective settings -

‘ Observables... || Conditions... [2/2] |_— | | .=._ | |.= |

Condition  Observable Goal Value Percentage? & drag

» Use adjoint optimizer Observable panel to S E— Toget - |0012 i
define multiple observables. - e e
» Use adjoint optimizer Condition panel to :
define multiple operating condition using

Optimizer Settings

input parameters. e ——

Max. Design lterations | 20 % | Convergence Criteria |0.001

i In thIS example, the Input parameter IS the Max. Flow Iterations | 300 % Max. Adjoint Iterations | 300 2 m |m| |?1p|

lift Target * | |0.0031

4r 4p 4
40 4P

drag Target ~ ||-0.0024 ¥

inlet velocity at the operating condition of s e — T

both 1 0 m/S and 20 m/S We Wl” Iater ‘m‘ ¥/ Improve Mesh Quality Il Adjcint Optimizer Conditions %

Calculation Activities

show an example where we attempt to [ wontor. _|__Awosmee | Conditions (2 &) parameters[1 3

reduce the drag and increase lift on a e e -
) . alculation Active? No. parameter-1
body for two inlet velocities (10 m/s and e ” e ¢ i 2o
2|20

20 m/s) simultaneously. — i
= =] --- [

I, /\n'SY'S



Optimizer Settings

* Goal: Make sure the flow solver, adjoint solver, and design I Gracient Based Optimies x
tool all converge. SR
* Adjoint solver setting recommendation P — | T
+ Default adjoint method ‘ ol o T
» Default adjoint setting with blended auto-adjust 5 : ‘ Target v |20 | ¥

* Design tool setting recommendation
* Use polynomial method without design constraint and
with light design constraint.

v Adaptive Value

Optimizer Settings

» Use direct interpolation method with design constraints. Max. Design lterations | 15 = Convergence Criteria (0,0001
° Convergence Criteria: Max. Flow lterations 200 + Max. Adjoint Iterations 500
. . Mesh Quality
+ expected changel/initial observable < Convergence Min. Cell Volume 0 Min. Orthoganal Quality (0.01
Crlterla Print Current Status v Improve Mesh Quality
Calculation Activities
Or Monitor.... Autosave....
Execute Commands... Solution Animation...
» real change/initial observable < Convergence Criteria -
« |f the above condition is satisfied for all the cases, the EERRY ovtimize | summarize
optimization is considered as converged. apply | (close | [Help

* The optimization generally reaches convergence in about 10-20
design iterations, depending on the problem and settings.
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Mesh Quality

* Defines the minimum requirement for the mesh quality

Dbjectives

 If the mesh quality requirements are not met after a design Observables... | Conditions...
calculation, the target change will be reduced until the mesh " _ e e ———
quality requirement is met. Then the design calculation is - . Target v 50
performed again. This avoids issues due to negative volume - - Taget v][10 |

Target v 125

after large morphing using design tool.

i) i)
i) LR

+ If the mesh quality requirement is not satisfied, the optimization Torget  ~|[10 |
will stop. :
. . . . aptive Value
A Min. Orthogonal Quality large than 0 is recommended to avoid ~ * ****"
Dptimizer Settings
|eft'handed faces Max. Design Iterations 20 < Convergence Criteria 0.001
Max. Flow Iterations 300 : Max. Adjoint Iterations 300 =
* Print Current Status Mesh Quality
Min. Cell Volume 0 Min. Orthogonal Quality 0.05
min cell-volume: limit 0.00000e+00; current value 3.94817e-04. B = ) Wnprove Mash Cualit
min  orthogenal-quality: limit 5.00000e-02; current value 5.92320e-01. e Y
Calculation Activities
* Improve mesh quality after morphing A A
® USlng the tu' Command 3 tlmes Execute Commands... | Solution Animation...
* /mesh/repair-improve/improve-quality Calculation
* Note: This operation may deteriorate the mesh quality in initialize | Optimize j( Summarize
some situations. el cioce JETTS

Y ANnsY'S



Monitoring

Optimization history can be monitored as the calculations proceed.
» The observable value of the case for the current design iteration, as solid lines.

» The observable value predicted by the adjoint solver for the next design iteration, as dashed lines.
» For multi-objective and multi-condition optimization, you can also plot each individual case as well

dbjectives

v Adaptive Value
Jptimizer Settings

Max. Design Iterations 20
Max. Flow Iterations 300
vesh Quality

Min. Cell Volume 0

Print Current Status

Calculation Activities

Monitor....

Goal Value
Target - |50
Target ~ -10
Target ~ 12.5

Target ~* -10

- Convergence Criteria 0.001

= Max. Adjoint Iterations 300

Min. Orthogonal Quality 0.05

v Improve Mesh Quality

Execute Commands.. Solution

calculation

Initialize Optimize Summarize

Ap

ply | [EEE [ wetp

Percentage? &

v

@ UYL VRO Py TR A

4 plot

/ Observable Values

/ Expected Observable

/ Plot All Cases

Desian Iterations

&

v plot

¥ Observable Values

v Expected Observable
Plot All Cases

ase To Be Plotted

2

vindow

Design Iterations
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Multi-Objective Optimization Example: 2D Cylinder

I8 Gradient-Based Optimizer X

Goals: Shirctes

. Observables... | Conditions...
Y . 1
Name Condition  Observable Goal Value Percentage?

< <o <! llift Target ¥ |50

* Reduce drag o o T — e
» Single flow condition |- s

Optimizer Settings

Flow:

Max. Design Iterations | 20
Max. Flow Iterations 200

Mesh Quality

Min. Cell Volume 0

Print Current Status

Convergence Criteria |0.001

P

Max. Adjoint Iterations | 200

Min. Orthogonal Quality

| Improve Mesh Quality

* Inlet velocity 40m/s —

Monitor.... ][ Autosave.... ]

[ Execute commands... || solution Animation... |

Calculation

|—— case-01-observable
- case-01-expected
| case-Dz-observable TR =
|- =--. case-0z-expected 7
1.208+03 —
1.00e+03 —
8.00e+02 —
B.O0e+02 — .
o DT
4008+02 — 24
Z2.00e+02 —
0.00e+00 T T T T T T 1
1} 2 4 [ 8 10 12 14
Design lterations

/Ansys
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Multi-Objective Optimization Example: 2D Cylinder

Residuals

: \\\* \\\\\~ —F — 1 Design iteration
oo \ il N _= .
. | | | | | | 1 flow simulation

0 200 400 o 1U 800 1000 1200 +

2 adjoint simulations

Residuals +
—— adijoint continuity
|—— adjoint x-velocity 1e+0Z 5 0
adjoint y-velocity b . : ‘ ‘ . : . . 1 deslgn Change
—— adijoint local flow rate \ Lk 1 1 1 1
Te+01 | ! ‘I " “ | ‘ ‘I

\nsys



Multi-Objective Optimization Example: 2D Cylinder

Design | Case | Condition | Observable | Flow | Adjoint | Observable | Expected Design| min| min|

Iteration | | | | Convergence | Convergence | Value | Change _g "

_____________________________________________________________________________________________________ Iteration| cell-wvolume| orthegonal-quality]
0 |1 o | lift| Y | ¥ [ 8:129c+80 | 5.868etBl 00 oo mn s
(; : i } g I fr:EI : : : : ;;igﬁgi } -;-aagﬁgi o] 3.94817e-04| 5.92320e-01]

1 . [ ha . e+

1 | 2 | 8 | drag| Y | Y | 1.209e+83 | -1.2092+02 1| 3.54433e-04| 7.66153e-01|
2 |1 | o | lift| Y | ¥ | 1.102e+02 | 5.000e+81 2| 3.13941e-04| 7.67968e-01|
2 1 2 | o | drag| Y | W | 1.993e+083 | -1.093e+082 3] 2.72518e-04| 7.67043e-01]
3 : 1 } 2] : ;ift: i : ¥ : 1.616e+02 } 5.000e+01 4] 2.20352e-04| 7.53421e-01]
3 2 ] rag Y Y 9.884e+02 | -9.884e+01

4 |1 8 | lift| Y | Y | 2.142e+02 | 5.008e+01 51 d-W1sage 6] Z Baudia ol
4 |2 0 | drag| Y I ¥ | B.934e+82 | -8.934e+01 6l 1.01534e-04| 6.16894e-01|
5 | 1 | 8 | lift] Y | \ | 2.685e+02 | 5.000e+81 7| 7.04313e-05] 4.84953e-01]
5 2 | o | drag| Y | Y | 8.07le+@2 | -8.071e+01 8] 4.08923e-05] 3.44075e-01]
g T e 7l 2 olbdie | 1 dats ui
5 11 o | lift| Y | Y | 3.835e+082 | 5.080e+01 10| 8.92003e-06| 1.22301e-01]|
7 | 2 | o | drag| Y | ¥ | 6.582e+02 | -6.582e+01 11| 8.83860e-06| 1.26644e-01|
8 I 1 | o | lift] W | i | 4.474e+02 | 5.000e+01 12] B8.75670e-06] 1.32550e-01|
8 | 2 | o | drag| Y | Y | 5.965e+82 | -5.965e+01

9 |1 o | lift| N | ¥ | 5.491e+82 | 6.2502+00

9 | 2 | o | drag| N | Y | 5.585e+82 | -6.982e+00

10 |1 o | lift| N | Y | 5.515e+82 | 7.812e-01

10 |2 8 | drag| N | Y | 5.510e+82 | -8.6092-01

11 |1 | o | lift| N | Y | 5.522e+82 | 3.906e-01

11 |2 o | drag| N | Y | 5.509e+02 | -4.3042-01

12 |1 o | lift| N | 7 | 5.526e+82 | 3.9062-01

12 |2 e | drag| N | Y | 5.505e+82 | -4.301e-01

Lift: 8.12N -> 550.5 N
Drag: 1338N -> 552.6 N

Y ANnsY'S



Multi-Objective, Multi-Condition Optimization Example: 2D Cylinder

Il Gradient-Based Optimizer X

Goals:
.
Conditions | 2 - Parameters | 1 =
* |ncrease lift | I oo . :

& Adjoint Optimizer Conditions =

1 =1 2| llift Target ~ 50
* Reduce drag Soth zew e o @ Bmve,  [Bmn =
. 3 e < [lift Target ¥ | 125 o -
o Mu|t|p|e flow — e — I T

cond itions v Adaptive Value L] 2 -l (20

Optimizer Settings

o Max. Design Iterations | 20 % Convergence Criteria 0.001
* Inlet velocity Set |« s w0 = wocmsrrimms =
Mesh Quality

to both 20m/s Min. Cell Volume [0 Min. Orthogonal Quality (0.05

Print Current status V! Improve Mesh Quality
a n d 40 r r]/s Calculation Activities

wonttor ) Awtesavers ]

[ Execute commands... || solution Animation... |

calculation

[—— case-01-chservable
-=--- case-01-expected
|~ case-0z-observable 1.40e+03 —
-#--. case-0z-expected i
[—— case-03-observable 1208403 |
-=--- case-03-expected
| - case-D4-observable b
-+ case-04-expected 1.00e+03 —
8.00e+0Z —
gooe+02 —{ T
A e e e x
200e+0Z —
000e+00 ’—-—‘k‘_‘—'—%_d—’f—'“ ‘ i ‘
1) 2 4 B 8 10 12|
Design lterations

/Ansys




Multi-Objective, Multi-Condition Optimization Example: 2D Cylinder

- Rm; ) 18402
— »-veloc [y _:
1e-u4—: w ﬁ l \ l ‘ l I
| ﬁ"m ‘“HI | "‘ ‘\_l‘\ /\ I \ \ \
;' 1 Design iteration
. i 560 m‘mn 15‘00 ZDIDD zgnn SD‘DD 2 ﬂOW S|mu|at|0n
Iterations
+
[ ooy 4 adjoint simulations
[ oreony 1 +
; 1 design change
Iterations

\nsys



Multi-Objective, Multi-Condition Optimization Example: 2D Cylinder

Design | Case | Condition | Observable | Flow | Adjoint | Observable | Expected
Iteration | | | | Convergence | Convergence | Value | Change Designl minI m:i.nI
St e e e s e e e R Tteration| cell-volume| orthogonal-quality]
0 11 1 Lift| Y, | Y | 8.129e+00 | 5.008e+81
[} 1 2 | 1| drag| Y | Y | 1.338e+03 | -1.338e+02 O TTTTTToTmTTTTTTTTTmoTTmmmTTThTTTTTTTTTTTTC : """"
0 |3 | 2 lift| Y | Y | 1.076e+08 | 1.250e+01 o] 3.94817e-04]| 5.92320e-01]
0 |4 | 2l drag| ¥ | Y | 4.430e+02 | -4.430e+01 1] 2.91771e-04| 7.66287e-01]
; : ; } i I siftl : : : : ?gé;i‘*g; : iggg*g; 2| 2.11120e-04| 7.41764e-01|
rag .203e+ .203e+
1 | 3 | 2| lift| ¥ | Y | 1.53le+01 | 1.250e+81 31 1.49376e-04| 6.89075e-01|
it | 4 | 2 | drag| Y | ¥ | 3.978e+02 | -3.978e+81 4| 1.02696e-04] 6.18936e-01|
2 [ T lift| Y | ¥ | 1.889e+62 | 5.800e+01 5] 6.34678e-05| 5.33071e-01|
2 | 2 | 1 | drag| Y | Y | 1.085e+03 | -1.085e+02
a3 1 3 | > 1ift| Y | ¥ | 2.673e+01 | 1.256e+01 il 3.28072e-05| 3.53719e-01|
2 |4 o drag| Y | Y | 3.583e+02 | -3.583e+01 71 7.93379e-06] 1.84503e-01]
3 |1 | T 1lift| Y | Y | 1.56le+02 | 5.800e+01 8| 2.42801e-06| 1.36433e-01|
; : g } ; I ff;gl : : ‘Y’ : i;;?“ﬁi : ‘i;;g“gi 9 2.48062e-06] 1.52513e-01]|
1 . et . e+
3 |4 | | drag| Y | Y | 3.223e+02 | -3.223e+01 10| 2.45605e-06| 1.58533e-01|
4 11| 1| 1ift| Y | Y | 2.857e+82 | 5.008e+81 alal| 2.44840e-06| 1.63234e-01|
4 | 2 | 1| drag| Y | Y | 8.798e+02 | -8.798e+01
4 13 | 2 Lift| Y, | Y | 5.110e+01 | 1.258e+81
4 1 4 | 2 drag| Y | Y | 2.980e+02 | -2.908e+01
5 |1 T Lift| Y | Y. | 2.568e+02 | 5.008e+81
5 | 2 | 1| drag| Y | Y | 7.927e+02 | -7.927e+01 . .
5 |3 | z lift| v | ¥ | 6.393e+01 | 1.250e+01 Inlet Ve|OC|ty 20 m/S
5 1 & | 2| drag| Y | Y | 2.612e+02 | -2.612e+01
6 11 1 Lift| Y, | Y | 3.083e+02 | 5.008e+81 Ly,
6 | 2 | 1 | drag| Y | Y | 7.147e+02 | -7.147e+01 Llft. 1.07N -> 103-8 N
6 1 3 | 2| lift| Y, | Y | 7.742e+01 | 1.258e+01
6 | a4 | 2 drag| Y | ¥ | 2.356e+082 | -2.356e+81 Dra . 443N > 207 N
7 |1 10| lift| Y | Y | 3.6508e+02 | 2.588e+81 g .
7 1 2 | 1 drag| Y | Y | 6.532e+02 | -3.266e+01
7 | 3 | 2 lift| Y | Y | 9.344e+01 | 6.250e+00
7 /| 4 | 2 | drag| Y | ¥ | 2.158e+02 | -1.0792+01
8 [ 1| ift] N | Y | 3.825e+02 | 1.258e+81
8 | 2 1 dra N | Y | 6.456e+02 | -1.614e+81 H 5
8 | 3 } 2 I m?l N | Y | 9.946e+01 I 3.125e+00 Inlet Ve|OC|ty 40 m/S
8 | 4 2 | drag| ] | Y | 2.14let+02 | -5.352e+00
9 11 | T 1ift| N | Y | 3.943e+02 | 3.125e+00 Llft 8 12N > 398 6 N
9 | 2 | 1 | drag| N | Y | 6.28%e+02 | -3.931e+080 . . .
9 1 3 | 2 | ift| N | Y | 1.027e+02 | 7.812e-01
9 | a4 | 3 drag| N | ¥ | 2.089e+02 | -1.305e+00 Drag 1338N > 623 7 N
10 |1 | 1 Lift| N | Y | 3.981e+02 | 7.812e-01 o D
10 | 2 | 1| drag| N | Y | 6.249e+02 | -9.764e-01
10 13 | 2 Lift| N | Y | 1.037e+02 | 1.953e-01
10 1 4 | 2 drag| N | Y | 2.076e+02 | -3.244e-01
11 |1 T Lift| N | Y. | 3.986e+02 | 3.9086e-01
11 | 2 | 1| drag| N | Y | 6.237e+02 | -4.873e-01
11 1 3 | 2 Tift| N | Y | 1.038e+02 | 9.7662-02
11 1 & | 2 | drag| N | Y | 2.072e+02 | -1.619e-01



Shape Optimization
Examples




Complex Duct Shape (Single Inlet and Outlet)

600 100
] o
8— i ~75% 40 O
e s . ] -
s reduction F
Gs_‘) 400 70 g
5 i
0 B0 >
;] A =
O 30of 50 'O
— O
(al E 40 o
—_ 200 >
© o 30
"C—') ~73 /0 . 6
- . 420 =
= 1ok reduction 1 =
L 410
i TR R N N R o
OD 10 20 30 40 0

Design lteration

Organic surface shape change | N | B2
PN i , =
i Eater e (
Goals: Reduce Total Pressure Drop I el
and Increase Flow Uniformity _
Total pressure Outflow velocity
profile

\nsys



Manifold Flow Optimization

Goal: Reduce flow
variance at manifold
outlets

Design iteration 00

« 30 design iterations

* Velocity variance is
reduced by 35%

s

—Velocity variance

d Tem peratu re Vanance —Temperature variance
is reduced by 80%.

o
0

o
(=2

Relative variance
o
'

0,2

0 5 10 15 20 25 30 35
Design iteration




Heat Exchanger Optimization

Single objective optimization:

* Goal: increase HTR/Ap (HTR: heat flux rate, Ap:

pressure drop)
* Result: with 9 design iterations, the ratio is
increased by 40%.

Temperature

Multiple objectives optimization:

* Goal: increase heat flux rate and reduce pressure

drop at the same time.

* Result: with 11 design iterations, the heat flux rate
is increased by 22% and the pressure drop is
reduced by 9%.

\nsys
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Shape Optimization Case:
Wind Tunnel




Problem Description

3.45m

— 0.15m

.

The wind tunnel geometry consists of a CD nozzle with <
0.15 m throat diameter attached to a square duct of 0.35 o
m height and width. S

o
LA

Wiy
5’,‘?‘# i,

AL
B By,
LA '!5,'#1?

i

Goals: improve the uniformity of velocity and increase
the velocity magnitude in the test region by modifying
the geometry of the wind tunnel walls. Use multi-

objective adjoint optimization.
410000 element hex mesh

Note: the geometry is fictitious and may not be representative of a real working wind
tunnel

I /\nsY'S



Baseline Fluent Solution

General flow settings are provided below.
Air was assumed to be an ideal gas.
Settings

- Pseudo-transient pressure-based coupled solver
- K-omega SST turbulence

- Air, ideal gas

- Operating Pressure: 50 kPa

- Inlet: Total Pressure 6 MPa, Supersonic/Initial
Pressure 5 MPa

- Outlet: 0 Pa

Residuals

—— continuity
—— x-velocity
— y-velocity
—— z-velocity

energy
—k

omega

Observable
Values

0 25 50 75 100 125 150 175 200 225
Design lterations

Contours of Mach number at mid-plane

\nsys



Adjoint Observables

« Adjoint observable definitions

- Volume-average x-velocity for the provided
Box Region (below)

- Repeat for Volume-variance x-velocity

- At the Adjoint Observables window, set
Sensitivity Orientation for volume-integral-
average to Maximize and volume-integral-
variance to Minimize

Visualization of volume integral region using cell register

Observables

volume-integral-average
volume-integral-variance

Volume Integral

n Manage Adjoint Observables

Volume Integral Typea Direction
Volume-avarage v || X
Field Variable 1
| velocity = || Y
Integration Domalin 0
Zonas z
® Box Region 0
Cell Register
Box Settings
X-min {m) X-max (m)
1.5 2
¥-min {m) Ye-max (m)
-0.13 0,13
Z-min (m) Z-max (m)
0.13 0.13

m | Cancel | |_I-rlp |

Observable Names

volume-integral-average
volume-integral-variance

Sensitivity Orientation

Maximize

® Minimize

n Adjoint Observables

(o] (s

[P (] A

| Ewvaluate |

| Write... |

[I'u'lanage...l

Y /\AnsY'S




Adjoint Design Tool

Design Tool was used to set up basic adjoint
design conditions

Polynomial shape change method used
Region and Region Conditions as shown

The optimization was carried out using the
Gradient-based Optimizer

Design Change

Show More

Objecti

In X Direction
Points
20
Motion Enabled
Invariant

Symmetric

In Y Direction
Points
20
v Motion Enabled
Invariant

v Symmetric

Reglon Boundary Continuity
V! Apply Continuity Continuity Order

Definition
® Uniform
By Boundary

|appiy|

2

Region Geometry
Cartesian

Get Bounds.

Design Tool
ives Region Region Conditions
In Z Direction
Points
20
v Motion Enabled
Invariant
v Symmetric
Design Change Ohbjectives

Show Bounding Region

Larger Region || Smaller Reglon

Region Extent

X Min (m)
0.33
Y Min (m)
-0.4
Z Min (m)
0.4

X Max (m)
3.2
Y Max (m)
0.4
Z Max (m)
0.4

Update Region

Display Mesh

Design To



n Gradient-Based Optimizer

Gradient-Based Optimizer

| Observables... Operating Conditions...

ndition Observable Goal Value Percentage?

Gradient-Based Optimizer used to 5 (o) ) a5 @
perform the multi-objective optimization O (| O

Observable target values e
- Variance decrease of velocity by 5% Ot seling

v

- Increase average velocity in test region by 1% I ey SRS
. . . No. of Flow Iterations 400 - No. of Adjoint Iterations 300 i
* Number of design iterations = 20 ——
« Convergence settings as shown e oy

Print Current Status v Improve Mesh Quality After Morphing

Calculation Activities

Monitor... | Autosave... ‘

Execute Commands... |Cre:r1e Solution Antmaﬂon..,‘

Calculation

. Initialize | Reset |

Optimize | Summar‘lze|

: Apply | | Default | | Help |

Y 'ANnSsY'S




Adjoint Optimization Results

Convergence is generally good, except for a few flow
calculations where the energy residuals remain above the
1e-06 threshold.

......... summary of gradient-based optimization..........covvvvvnnnnnn
Design| ID | Cond. | Observable | Flow | Adj. | Observable | Expected
Iter. | | | | Conv. | Conw. | Value | Change
4] | 1] 8 |volume-integral-varial ¥ | ¥ | 6.811e+82 | 1.358e+00
0] | 20 8 |volume-integral-averal ¥ | ¥ | 6.167e+82 | -1.751e-01
1 | 8 |volume-integral-varial ¥ | Y | 5.778e+82 | 1.537e+00
1 | 2] 8 |volume-integral-averal Y | Y | B6.226e+82 | -9.542e-82
2 | 2| 8 |volume-integral-varial Y | Y | 4.852e+02 | 1.763e+00
2 | | 8 |volume-integral-avera] Y | Y | 6.288e+02 | 4.708e-02
3 | Az 8 |volume-integral-varial N | Y | 3.818e+02 | 1.979e+00
3 | 2= 8 |volume-integral-averal N | o | 6.335e+02 | 1.365e-01
4 | 8 |volume-integral-varial N | ¥ | 3.879e+82 | 2.187e+00
4 | 2] 8 |volume-integral-averal N | ¥ | 6.383e+82 | 2.78le-01
5 | 1] 8 |volume-integral-varial N | 1 | 2.410e+02 | 2.510e+00
5 | 2. 8 |volume-integral-averal N | Y | 6.446e+02 | 5.4087e-01
6 sl 8 |volume-integral-varial N | Y. | 1.852e+02 | 2.870e+00
6 (- | 8 |volume-integral-averal N | Y | 6.509e+82 | 9.278e-81
7 [ | 8 |volume-integral-varial ¥ | Y | 1.498e+02 | 3.167e+00
7 | 2 8 |volume-integral-averal o | S | 6.567e+02 | 1.224e+00
8 |t 8 |volume-integral-varial ¥ | Y | 1.249e+82 | 3.373e+00
8 | 2 8 |volume-integral-averal ¥ | Y | 6.626e+82 | 1.421e+00
9 | =11 8 |volume-integral-varial Y | Y | 9.446e+01 | 3.740e+00
9 | =2 8 |volume-integral-averal ¥ | Y | 6.698e+02 | 1.884e+00
18 | 11 8 |volume-integral-varial Y | Y | 7.339e+081 | 4.31le+00
10 | 21 8 |volume-integral-averal| Y I Y | 6.752e+82 | 2.122e+00
11 | 1] 0 |volume-integral-varial ¥ | Y | 6.239e+01 | 5.096e+00
11 | 2] 8 |volume-integral-averal ¥ | o | 6.813e+082 | 2.191e+00
12 [ Il | 8 |volume-integral-varial ¥ | ¥ | 5.746e+B1 | 6.898e+00
12 2 | 8 |volume-integral-averal ¥ | Y | 6.877e+82 | 2.536e+00
13 | 8 |volume-integral-varial ¥ | Y | 4.73%9e+01 | 7.4B%9e+00
13 | | 8 |volume-integral-averal ¥ | Y | 6.941e+82 | 3.419e+00
14 | @il 8 |volume-integral-varial N | Y | 3.832e+01 | -1.612e-01
14 | 2 8 |volume-integral-averal N | Y | 6.996e+02 | 3.8l4e-01

y-velocity
z-velocity
energy

—k

omega

centinuity
x-velocity

Residuals

Observable
Values

at ointy-uelocity

atointlocal fow rate

acj aint continuity
acjaint s velocity

agjcint 2-velocity

acjointenergy

Residuals

Observable
Values

1e+00

1e-01

1e-04

1e-05

1e+08

1e+06

1e+04

1e+02

1e+00

1e-04

1e-06

1e-08

1 ; \‘w w ! \ 1 W
] LN k@; L 11 \
0 500 1000 1500 2000 2500 3000 3500
Design lterations
e & JAN
2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600

Design lterations
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Adjoint Results

Fmidusls

wolu med ntag ralvaria

‘I.._._..rolumelnt&gml«a:is-mpoclud 1e+03 — Initial
i - volume-average: 617 m/s
volume-variance: 681 m2/s?

ol mei nbag ralrv ara-aepastad

Final
volume-average: 700 m/s
Obse\ﬁ‘;fﬂi tea2 - volume-variance: 38.3 m2/s2

1e+01 T T T T T T T T g T T T T T T 1
0 2 4 6 8 10 12 14 16

Design lterations

After 14 design iterations, the gradient-based optimizer was able to significantly
improve the design objectives, as shown.
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Adjoint Results — Mid-plane Axial Velocity

VVVVVV y

T 18e+02

6.d4e+02

4

214e+02

1.43e+02 .
Iteration O
0.00e+00

b Shape change

cont our-1
Welocity
7.15e+02

lteration 14

Contours of velocity on midplane
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Adjoint Results — Velocity at Selected Axial Planes

Iteration O

Iteration 14

Contours of velocity on iso-clips of the
volume integral region




Adjoint Results — Shape Change

Iteration O

Iteration 13

/Ansys
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Shape Optimization Case:
Hypersonic Aerospike




Hypersonic Aerospike

* Present work is based on an aerospike geometry with and aerodisk proposed by Hubner et al. at NASA Langley,

mid 1990s.
et 12.000 »|1.750 |«— 4.000 —>
€—0.250
1.156

0.375
¥

| +

| 4.000

LA :

A + + ﬂ‘ L DIA
3.000 DIA. i

Aerodisk Aerospike/sting
Sensor Shoulder

Dimensions in Inches

Reference: Huebner, L., et al., Experimental results on the feasibility of an aerospike for hypersonic missiles, 33rd Aerospace Sciences Meeting and Exhibit, Aerospace Sciences Meetings,
Reno, NV, 1995.
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Aerospike Optimization Case

e Mach 6.06

« Upstream conditions:
- T=58.25K, P =1951 Pa

« Thermal perfect gas properties (specific
heat, thermal conductivity, and viscosity are
functions of temperature)

« SST k-omega model for turbulence

» Goal — Optimize aerospike to minimize drag
force on the aerospike tip geometry

» Geometry — symmetric 3-D domain at zero
AOA

* Mesh — 1,690,043 polyhedral cells

I, /\n'SY'S
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Solver Physics

& viscous Model X
[ ) P B N S SO |Ve r' MOdellm,isc‘d I'«:‘);]ealf_l‘anr;stants .
« SST k-omega turbulence model o

with viscous heating enabled R

0.09
Transition SST (4 eqn)
Reynolds Stress (7 eqgn) al

» Thermally perfect air properties SceAdatve Smiaon 555

Detached Eddy Simulation (DES) Beta i (Inner)
Large Eddy Simulation (LES) 0.075
L4 B CS k-omega Model Beta i (Quter)
Standard _D'_D_Ezs T =
- Mach 6 freestream conditions at inlets e

User-Defined Functions

- Freestream static pressure at outlet e Tty '
- Symmetry boundary = s

none bt

N O SI i p Wal IS Y1 Wi e Wall Prandtt Number

Curvature Correction
Corner Flow Correction Rane -
Compressibility Effects

Production Kato-Launder

V| Production Limiter

Transition Options

Transition Model| none >

a | Cancel | I Help |

Y 'ANnsY'S



Solver Numerics

Task Page <

Solution Methods @]

Coupled Solver with Pseudo Transient -

Pressure-Velocity Coupling

Scheme

Second order for all equations except turbulence [coupe

Spatial Discretization

* FMG initialization
* First-to-second order blending added to provide S
more dissipation (TUI). i
- Improves high Mach number convergence/stability for el s
the PB solver et e

Specific Dissipation Rate

solve/set/numerics

V| Pseudo Transient
| Warped-Face Gradient Correction

v | High Order Term Relaxation .Options...

lst-order to higher-order blending factor
[Min=0.0 - max=1.0]: [0.7]



Baseline Solution

Static Temperature

Mach Number

Residuals
— continuity
— x-velocity 1e+00 o
y-velocity 1
[ ey 1e-01
energy ]
_— 1e-02
omega Lk
\ =
1e-03 =
1e-04 X

Ny,
16-05 \ =
106 5 \
1607 - \_’\._

1e-08

0 25 50 75 100 125 150 175 200 225 3 0
Iterations StatIC DenSIty

L r—————r UL E
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Adjoint Setup

n Adinint - L - \/ nMaﬁage Adjoint Observables X iy x

e e n Stabilized Strategy and Scheme Settings X
Observable Names ( | drag-force —
Ao |&ite| ‘\L""} Stabilization Strateqy Stabilization Scheme

. . - Delete
|: Write... | ‘m‘ TYPE TVPE
|_Manage..._| None Mone
® Blended Dissipation
= ; i

Force 1st Scheme 2nd Scheme Residual Minimization

R Reles (ees & E & & Scheme Scheme Number of Modes

Sall Sefosaiis omponent i p . & i . -

ual senste: e Dissipation b Residual Minimization  ~ 80 o
Sensitivity Orientation e e el Tterations Iterations Show Expert Controls

@ Maximize 10 . 40 . —‘ ;
Minimize = = 2
Default |
v Auto Detection? |—
| Close | | Help | B [cancel | [1ei | f s 1
— |Default| |Complex Case|
Drag force prescribed as observable B3 [ ety | [ cancel | [ Help |
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Adjoint Design Tool

« Polynomial shape change

« Shape change constrained to
aerospike tip

n Design Tool
Design Change Objectives Region Region Conditions Design Cenditions Mumerics
: (=] (== " - 1 [=] (=] [= | Morphing Method
Zones To Be Modified [12/12] ‘— | |- | |- | Applied Conditions [0/1] |— | I- y | |- |

Radial Basis Function ‘@ Polynomials Direct Interpolation
inlet

inlet.1

inlet.1:91

outlet
symmetry
symmetry. i :
symmetry:79
wall_aerospike
wall_sensor
wall_shoulder
wall_vehicle_aft
wall_vehicle fore

bounded-by-plane-01
Freeform Scaling Scheme

#® Control-Point Spacing Objective Reference Change
Parameters

Freeform Scale Factor 0.1

| Display H Strict Conditions...

Workflow Results

|. Check | File Name Observable Value Weight Expected change
|_ Calculate Design Change | drag-force drag-force 18.03788 0

| Export... |

Mesh

| Preview... || Modify |

|. Revert ” History... |

(v
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Morphing Region Definition




Gradient-Based Optimizer P .

Objectives

| Observables... ” Operating Conditions...

* Single observable o L e
« Four design iterations N g
» Target originally -10% reduction in
drag force. o e SIS -
- Reduced goal at later design T e

Design Tool

iteration Design ooL.|
- Most likely need a finer mesh at the st o P

Min. Cell Volume 0

aerospike tip to get further refinement in [print urrent staws] ¥/ mprove Mesh ity e Moraning
g e O m etry Calculation Activities

[ Monitor... ” Autosave... |
|. Execute Commands... :”:Create Solution Anin:ation...]
Calculation

|. Initialize ” Reset |

| Optimize || Summarize |

|_ Default | | Close | | Help |
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Optimization Histories

Residuals
I— continuity
—— x-velocity
y-velocity
—— z-velocity
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Observable History

——— drag-force

---=--- drag-force-expected 2.80e+01

2.60e+01

2.40e+01

Observable 2.20e+01

Values
2.00e+01
1.80e+01
1.60e+01 T T T T ]
0 1 2 3 4 5
Design| ID | Cond. | Observable | Flow | &dj. | Cbservable | Expected i i
Iter. | | | | Conv. | Conv. | Value | Change DeSIQn |terat|0ns
a 1 1] 0 | drag-force| Y | X | 2.694e+01 | -3.715e+00
1k k] o drag-force| ¥ | ¥ | 2.345e+01 | -3.222e+00
2 i ] LI | drag-force| Y | Y | 2.071le+01 | -2.131e+00
3 i ] LI | drag-force| Y | Y | 1.919e+01 | -1.109=+00
=3 1 1] L] | drag-force| Y | X | 1.827e+01 | -3.348e-01
5 | I | [v] | drag-force| Y | 1) | 1.810e+01 | undef
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Baseline Shape




Optimized Shape




Mach Number Comparison

Baseline Optimized
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Static Temperature Comparison

Baseline Optimized
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DBNS Force Analysis

DBNS solution for aerospike using baseline and adjoint-optimized geometry

BASELINE
Zone Pressure Viscous ~ Total ~
wall_aerospike 27.212 0.037 ( 27209 )
wall_sensor 7.306 -0.074 S~23—
wall_shoulder 10.797 0.000 10.797
wall_vehicle_aft 0.036 1.606 1.642
wall_vehicle_fore 0.003 0.644 0.647
Net 45.355 2.213 47.568

OPTIMIZED
Zone Pressure Viscous /I’otm
wall_aerospike 18.919 0.012 \ 18931 )
wall_sensor 8.661 -0.121 T4
wall_shoulder 15.448 0.000 15.448
wall_vehicle_aft 0.043 1.860 1.903
wall_vehicle_fore -0.002 0.858 0.856
Net 43.069 2.609 45.678

30.5% reduction in aerospike drag, but...
...only 4% reduction in total drag
Reduction in spike drag offset by increase in drag downstream...

Nevertheless, the overall drag is reduced!
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Summary: The Value of An Adjoint Approach

Understanding Cause & Effect in Complex

Systems Design iteration 00

v" Insight: Identification of the most important
factors affecting performance.

v Design Exploration: How a prescribed change
will alter the performance. Best design change.

v" Optimization: Systematic improvement of
performance using gradient information.

lative variance

v" Robust design: Comprehensive identification
of the most influential design parameters.

Design iteration

v Robust Simulation: Analysis of the sensitivity
of the result to the mesh and numerical schemes
employed.

Special thanks to Min Xu, Chris Hill, Akram Radwan, and
Henry Vu for their contributions to this presentation!

Y 'ANnsY'S





